Introduction
Sel f-monitoring of blood glucose (SMBG) is a widely practiced diagnostic measure in both patients who are using insulin and patients who are not using insulin. 1 Self-monitoring of blood glucose has been conducted since the 1980s, and this practice continues to evolve. The benefits of this intervention for patients with type 1 diabetes mellitus (T1DM) and for insulintreated patients with type 2 diabetes mellitus (T2DM) are well established. 2, 3 Purported benefits of SMBG in T2DM patients include (although are not limited to) the following:
1. Preventing, identifying, and treating hypoglycemia; 2. Providing feedback on the results of lifestyle and pharmacologic treatments;
3. Enhancing patient education on the impact of nutrition, activity, and medication choices;
4. Providing information for both patient and health care professionals (HCPs) to inform treatment modifications and titrations; and 5. Increasing patient empowerment and adherence to treatment.
The benefits of SMBG have been questioned, however, in non-insulin-treated (NIT) T2DM patients. [4] [5] [6] Indeed, over the years since SMBG was developed, the medical literature have both supported and refuted the benefits of SMBG for these patients. 4 Since 2008, a new paradigm has evolved in the practice of SMBG. The current approach is in a structured fashion. By using SMBG results to determine therapeutic decisions, this practice can take on greater value for patients and greater responsibility for HCPs. Patients must use the information to determine their self-care, and HCPs must develop and explain treatment plans that can incorporate SMBG information. 7 In light of the rapidly evolving paradigm in SMBG practice, as well as the methodological limitations of many older studies that have assessed its benefits, it appears that this is an appropriate time to review the current status of this widely practiced intervention in NIT T2DM.
Self-monitoring of blood glucose was studied from eight perspectives related to patients with NIT T2DM:
(1) epidemiological studies of SMBG; (2) randomized controlled trials (RCTs) and meta-analyses; (3) targets, timing, and frequency of SMBG use; (4) incidence and role of SMBG in preventing hypoglycemia with singledrug regimens and combination regimens consisting of antihyperglycemic agents other than secretagogues and insulin; (5) comparison of SMBG with continuous glucose monitoring (CGM); (6) technological capabilities and limitations of SMBG; (7) barriers to appropriate use of SMBG; and (8) methods and end points for appropriate future clinical trials. This article represents the consensus findings of the CCR-SMBG panel members and its consultants.
Epidemiological Studies of Self-Monitoring of Blood Glucose in the Literature
blood glucose frequency was based on the number of blood glucose (BG) test strips dispensed. In NIT T2DM, greater SMBG practice frequency in new users was associated with lower hemoglobin A1c (A1C) levels. The frequency of performing SMBG among partakers of this practice was inversely associated with their A1C levels.
The second such study was the ROSSO study, a retrospective, epidemiological cohort study. This study reported that fatal and nonfatal event rates were lower in T2DM patients who performed SMBG compared with those who did not perform SMBG. 13 The study identified SMBG as an independent predictor of morbidity and mortality in T2DM patients as well as in the subgroup of NIT T2DM patients. It was hypothesized that SMBG catalyzed the effects via healthier lifestyle and/or better disease management.
Further epidemiological research on SMBG is also of importance with regard to the assessment of the potential benefits of each of the various components of SMBG in NIT T2DM to determine which part of this intervention is the most beneficial. The intervention comprises multiple components, including time spent with an educator for education about self-management, performance of the SMBG test, interpretation of test results, and action taken based on the test results.
2. Epidemiological data are consistent with benefit but not conclusive.
3. Because there are multiple components required to perform SMBG, studies should be designed to clarify which component or components will be important in achieving glycemic goals.
Epidemiological studies are a cornerstone method of public health research of diabetes. For assessing the potential benefits of SMBG in NIT T2DM, these studies help inform policy decisions, provide insights into the use of test strips, and contribute to the creation of studies of this practice. 8 Large-scale epidemiological studies have generated conflicting outcomes. Some of them do not show that the use of SMBG is associated with improved glycemic control or survival in NIT T2DM. [9] [10] [11] However, a clear benefit of SMBG in NIT T2DM has been observed in two major epidemiological studies.
The first of these two studies was a longitudinal study of new and ongoing use of SMBG that included more than 30,000 patients of the Kaiser Permanente Northern California integrated health plan. 12 Self-monitoring of
Key Points
1. Several recently reported well-designed studies that have incorporated an educational and a therapeutic intervention in response to BG values have demonstrated efficacy in lowering A1C.
2. Many SMBG RCTs are of little value because of small size, confounding factors, low baseline A1C, or the lack of an educational and therapeutic intervention in response to BG values obtained.
3. Benefits of SMBG cannot be isolated, because SMBG is a measurement and, fundamentally, the value of a measurement is dependent on how it is used.
Several systematic reviews and meta-analyses of RCTs have been published since 2008, all suggesting that SMBG is associated with a statistically significant, clinically modest reduction in A1C levels ( Table 1 ). [14] [15] [16] [17] Many of structured testing group (STG) with enhanced usual care and at least quarterly use of structured SMBG. 18 At 1 year, there was a significantly greater reduction in mean A1C in the STG compared with the ACG (Δ = -0.3%; p = .04). Significantly more STG subjects received a treatment change recommendation compared with ACG patients.
In the ROSES trial, subjects were randomly allocated to either a self-monitoring-based disease management strategy or to usual care. 19 Education was centered on how to modify lifestyle according to self-monitoring readings. Results of SMBG were discussed during monthly telephone contact. After 6 months, significantly greater reductions in mean A1C (Δ = -0.5%; p = .04) and body weight (Δ = -4.0 kg; p = .02) were observed in the SMBG group compared with the control group.
In the St. Carlos trial, newly diagnosed T2DM patients were randomized to either an SMBG-based intervention or an A1C-based control group. 20 The SMBG intervention cohort used this monitoring intervention as both an educational tool to adhere to lifestyle changes as well as a therapeutic tool to apply step-by-step pharmacological treatment. Treatment decisions for the A1C cohort were based strictly on A1C test results. After 1 year of followup, the median A1C level and body mass index were significantly reduced in patients in the intervention group (from 6.6% to 6.1% and from 29.6 to 27.9 kg/m 2 , respectively; p < .05 and p < .01, respectively). In the A1C control group, there was no change in median A1C level or body mass index.
Overall, these findings should be viewed in the context of prior attempts to study the effects of SMBG. There are numerous potential benefits to SMBG, including (1) reducing A1C, glycemic variability (GV), and hypoglycemia; (2) improving lifestyle and medication adherence; and (3) accelerating medication titration. Of these benefits, studies have been primarily focused on A1C reduction. these trials are of limited value, because they did not include an educational and therapeutic intervention in response to BG values and their designs incorporated small size, confounding factors, or low baseline A1C ( Table 2 ).
An expert panel recognized this deficiency in the data in 2008. 7 Subsequently, most recent well-designed RCTs of SMBG interventions have incorporated an educational and a therapeutic component in response to BG values, and have demonstrated reductions in A1C. [18] [19] [20] These studies have focused on instructing patients on (1) how and when to perform SMBG, (2) the meaning of various BG levels (which can be important given the common problem of low numeracy), 21 and (3) how behavior and actions affect SMBG results. Therefore, SMBG has the potential to empower patients in their own care to gain a greater understanding of which factors affect their glycemic levels. Equally important to providing instructions to patients is ensuring that data are available to the patients' care team along with guidance on how to use this information. This means that algorithms should also be made available, if necessary, to guide adjustment of diabetes medications.
In the STeP trial, 483 poorly controlled insulin-naïve subjects (mean A1C 8.9%) were randomized to an active control group (ACG) with enhanced usual care or to a Fundamentally, however, assessing the role of SMBG in isolation may not be any more useful than studying whether checking A1C leads to better glucose control. Self-monitoring of blood glucose is a fundamental element to virtually all diabetes drug therapy trials, and this measurement is incapable of having an impact on outcomes unless either the patient or the HCP can utilize the information. In most negative studies described in meta-analyses of SMBG practice, the measurement was not permitted to influence either the patient or the HCP. Other trials of this practice have been undermined by small sample size, low baseline A1C levels (limiting potential impact), or poor study design. One problem with individual randomization in behavioral trials (such as performing SMBG) is that randomizing both intervention and control subjects to the same investigator can lead to contamination of controls, who are influenced by the cohort of intervention partakers to adhere to the intervention more faithfully than expected, and this alteration in behavior results in reduced observable efficacy. This problem can be avoided with cluster randomization in which investigators are randomized and each investigator provides all subjects with either control care or intervention care.
Future studies are needed to identify specific subgroups that may benefit particularly well or poorly from SMBG, optimal testing frequencies, and other potential outcomes that go beyond A1C.
Targets, Timing, and Frequency of Self-Monitoring of Blood Glucose Use in Non-Insulin-Treated Type 2 Diabetes Mellitus
Treatment of T2DM hyperglycemia requires diabetes self-management education, lifestyle interventions, and usually pharmacologic treatment, most commonly consisting of combinations of antihyperglycemic agents with complementary mechanisms of action. One important component of diabetes self-management education is learning how to perform SMBG. 22 There are now at least 13 classes of antihyperglycemic agents available. 23, 24 The value of SMBG for insulintreated T2DM patients is well accepted. However, only a minority of T2DM patients are treated with insulin. An estimated 74% of these patients are treated with medications other than insulin or with no medications at all (see Figure 1 ). 25
Key Points
1. All people with diabetes should know how to perform SMBG in a way that is appropriate and useful to them and their clinicians. Table 3 . All these organizations endorse individualization of their glycemic targets. Therefore, an A1C that is closer to normal might be appropriate for newly diagnosed patients with diabetes who have a long life expectancy and no significant cardiovascular disease. In contrast, less stringent targets would be prudent in those with a history of severe hypoglycemia, hypoglycemia unawareness, limited life expectancy, advanced microvascular or macrovascular complications, extensive co-morbid conditions, or longstanding diabetes where goals have not been achieved despite optimal treatment. 3, 22, [26] [27] [28] [29] 
Timing
Borg and colleagues 30 reported data from the A1C-derived average glucose study that inform decisions about the timing of SMBG testing. The area under the glucose curve calculated from CGM 2 h after meals correlated well with the 90 min SMBG value. Preprandial values had stronger association with A1C than postprandial glucose (PPG) values when the A1C level was elevated.
Frequency
Evidence exists that GV, especially characterized by relatively brief spikes in glycemia, may independently contribute to the risk for diabetes complications. 31 Whether this association supports more frequent measures of PPG glucose remains controversial. However, as A1C levels are brought down closer to 7% and below, the contribution of PPG appears to increase. 32 This observation suggests that more frequent PPG testing may be required as one approaches target glycemia. Whether decreased GV estimated by CGM is associated with independent improvements in patient satisfaction and perceived health remains to be studied. 33 What do diabetes guideline writing organizations recommend for SMBG testing in those with NIT T2DM?
The ADA recommends use of SMBG by stating the following: (1) "For patients using less frequent insulin injections, noninsulin therapies, or medical nutrition therapy (MNT) alone, SMBG may be useful as a guide to the success of therapy;" (2) "To achieve PPG targets, postprandial SMBG may be appropriate;" and (3) "When prescribing SMBG, ensure that patients receive initial instruction in, and routine follow-up evaluation of, SMBG technique and their ability to use data to adjust therapy." 2 Self-monitoring of blood glucose recommendations from the AACE/ACE state that patients not requiring insulin therapy may benefit from SMBG, especially to provide feedback about the effects of their lifestyle and pharmacologic therapy. The organization also states that testing frequency must be personalized, and the initial choice of an agent targeting fasting plasma glucose or PPG involves comprehensive patient assessment with emphasis given to the glycemic profile obtained by SMBG. 22 The International Diabetes Federation (IDF) guideline
Self-Monitoring of Blood Glucose in Non-Insulin Treated Type 2 Diabetes states that
SMBG should be used only when individuals with diabetes (and/or their caregivers) and/or their HCPs have the knowledge, skills, and willingness to incorporate SMBG monitoring and therapy adjustment into their diabetes care plan in order to attain agreed treatment goals; SMBG should be considered at the time of diagnosis to enhance the understanding of diabetes as part of individuals' education and to facilitate timely treatment initiation and titration optimization; SMBG should also be considered as part of ongoing diabetes self-management education to assist people with diabetes to better understand their disease and provide a means to actively and effectively participate in its control and treatment, modifying behavioral and pharmacological interventions as needed, in consultation with their HCP; SMBG protocols (intensity and frequency) should be individualized to address each individual's specific educational/behavioral/clinical requirements (to identify/prevent/manage acute hyper-and hypoglycaemia) and HCP requirements for data on glycemic patterns and to monitor impact of therapeutic decision making. 2 This IDF guideline also states, "Although we currently have no evidence base regarding optimal SMBG regimens in non-insulin-treated T2DM, it is generally agreed that it is often not necessary to perform SMBG on a daily basis in this population," noting, It may be valuable for people with diabetes to perform 'focused' SMBG over short periods of time, initially and periodically, during the course of their disease, in order to obtain data that facilitate identification of glucose patterns that are reflective of daily glycemic control. For example, a 5-point or 7-point SMBG regimen, testing BG before and after each meal and at bedtime over the course of 1 to 3 days, may be used to create a representative glucose profile. Alternatively, a 'staggered' regimen can be used to obtain BG levels before and/or after alternating meals daily or every other day over a 1 to 4-week period each month. 2 An example of a less intensive SMBG scheme is presented in Figure 2 and an example of a more intensive scheme is presented in Figure 3 . These 7-day schemes can be modified from a daily testing frequency to an everyother-day testing frequency, which means that it would then require 14 days to obtain all the data points specified in these two figures. Figure 3 . More intensive SMBG scheme. 8 A European expert panel on standardized approaches to SMBG has recommended SMBG schemes of varying intensity across the T2DM continuum. In these schemes, the duration and frequency of SMBG performance varied depending on both the level of glycemic control and other clinical circumstances of the patient. The panel also recommended that various approaches to SMBG for T2DM patients be the subject of further clinical studies. 8 Given the absence of specificity in recommendations by most professional societies, we recommend that all people with diabetes should know how to perform SMBG and should do so with a frequency and timing that is individualized, appropriate, and useful to them and to their HCPs. We also conclude that SMBG can empower patients and inform and reinforce appropriate lifestyle inter-ventions and facilitate improvements in patient/ clinician selection/titration of medications. Finally, SMBG targets must be individualized, especially for NIT T2DM patients at risk for hyperglycemic or hypoglycemic events.
Incidence and Role of Self-Monitoring of Blood Glucose in Preventing Hypoglycemia with Single-Drug Regimens and Combination Regimens Consisting of Antihyperglycemic Agents Other than Secretagogues and Insulin

Key Points
1. Incidence of major hypoglycemia approaches zero in monotherapy and dual therapy with noninsulin secretagogues.
2. Incidence of minor hypoglycemia is very low in dual noninsulin secretagogue therapy (0-3%) but is high when the combination therapy includes an insulin secretagogue (4-36%).
3. Most clinical practice guidelines of the pharmacotherapy of T2DM include an insulin secretagogue as the first add-on therapy to metformin. 4. Self-monitoring of blood glucose is neither practical nor necessary to prevent and/or recognize hypoglycemia in patients taking one or more noninsulin secretagogues but is important in those patients whose regimens include an insulin secretagogue.
Where patients who use sulfonylurea have a high incidence of hypoglycemia (20% in the United Kingdom Prospective Diabetes Study), patients who use noninsulin secretagogues as monotherapy or combined with other noninsulin secretagogues in dual or triple therapy have a low risk of hypoglycemia. The literature was surveyed for prospective RCTs that report the incidence of major and minor hypoglycemic episodes as a percentage of patients (where percentage generally represents the proportion of patients with either type) associated with monotherapy or dual therapy with noninsulin secretagogues, and a comparison was made with combinations that included sulfonylureas. Monotherapy studies using metformin, 34 thiazolidinediones, 35 dipeptidyl peptidase-4 (DPP-4) inhibitors, 36 glucagon-like peptide-1 (GLP-1) agonists, 37, 38 alpha glucosidase inhibitors (AGIs), 39 a dopamine agonist (DA), 40 and bile acid sequestrants (BAS) 41 have no reports of major hypoglycemia and a low rate of minor hypoglycemia, -0.2-8%, albeit most studies do not describe the criteria used for categorizing major versus minor hypoglycemia. The rate of dual therapy is similarly low. Per the opinion of the CCR-SMBG, there are 15 reasonable combinations of noninsulin secretagogues in dual therapy for T2DM (for example, a combination of GLP-1 agonist and a DPP-4 inhibitor or of either one of these with an AGI would be considered unreasonable; Table 4 ).
Data exist on hypoglycemia rates in 9 of these 15 combinations ( 45 In these studies, the rate of major hypoglycemic episodes is zero and the percentage of patients experiencing minor hypoglycemic episodes averages 1.5% (range 0-7.1%).
Thus, given the low incidence of hypoglycemic events, one could not sufficiently perform SMBG frequently enough to be able to predict such episodes using a predictive parameter such as the Low Blood Glucose Index. 56 However, while combinations consisting a DPP-4 plus a sulfonylurea, 68 bromocriptine plus a sulfonylurea, 40 and AGI plus a sulfonylurea. 69 Thus the use of SMBG seems essential when patients are treated with an insulin-secretagogue-containing combination to detect and document hypoglycemia as well as to determine when to initiate measures to treat it.
Comparison of Self-Monitoring of Blood Glucose with Continuous Glucose Monitoring
based on the SMBG results. In only a small number of studies were patients encouraged to adjust their treatment based on SMBG values. As a corollary, some studies were based on interventions where SMBG was carried out to inform only the HCP but not the patient.
Furthermore, few studies have provided information on outcomes when stratified according to the type of treatment used. For example, SMBG could be used in a setting of various baseline medical regimens, and therefore, it could be used to determine whether one particular treatment regimen accrues added value from SMBG compared with another treatment regimen. Additionally, few studies have linked SMBG with appropriate training, feedback, or treatment modification with the potential for behavior change. Finally, there is limited guidance from trials as to whether specific patient factors are important in determining the impact of SMBG, e.g., age, gender, educational level, or socioeconomic status.
Continuous interstitial glucose monitoring provides information on direction and duration of glycemic excursions on a moment-to-moment basis. In a recent meta-analysis of real-time CGM compared with SMBG in T1DM, overall reduction in A1C was 0.30% greater with CGM. 71 The metaanalysis also suggested that any improvement in the A1C level with CGM will be associated with a small reduction in hypoglycemia exposure but not severe hypoglycemic events. Continuous glucose monitoring is not a replacement for SMBG, because SMBG is still required for calibration of existing CGM systems, confirmation of suspected hypoglycemia, and dosing of insulin.
Glycemic variability has been implicated as a risk factor for development of diabetes complications. 72 There is no consensus on the optimal metric for GV. 73 Both postprandial SMBG values and CGM data provide information on this phenomenon. Future studies of SMBG and CGM in isolation, as well as combinations of these two diagnostic measures, will likely determine a useful definition for GV and examine its role in the development of diabetes complications. 74 In a study comparing SMBG with real-time CGM in NIT T2DM subjects, after 12 weeks, A1C fell further with CGM (1.0% versus 0.5%; p = 0.006) than with SMBG, without any difference in medication or weight changes within both groups. 75 Similar to data from studies in T1DM, greater duration of sensor usage was associated with greater reductions in A1C. Of note, both groups were managed by their usual HCPs. After 12 months, subjects performing SMBG one or more times per day improved
Key Points
1. Both SMBG and CGM provide the best outcomes if they are associated with structured educational and therapeutic programs.
2. In future trials comparing SMBG and CGMS, the SMBG intervention should be structured similar to that in recent trials (including STeP, ROSES, and St Carlos) and new forms of communication between patients and HCPs should be evaluated, including social media.
The role of CGM in NIT T2DM
is not yet clearly established as to when or how this technology should be used in addition to-or in place ofstructured SMBG.
It is difficult to design appropriate randomized controlled clinical trials to determine the effect of SMBG in isolation from other interventions. There are also few clinical trials that compare different frequencies and timings of SMBG testing regimens. 70 For insulin-treated patients, SMBG is used primarily to (1) detect or confirm hypoglycemia, (2) assess the prevailing level of BG control, (3) provide guidance on making changes to ongoing therapy (i.e., altering the dose, timing, or frequency of basal insulin or making changes in therapy regimen), and (4) provide data on which immediate therapeutic decisions are made, such as adjusting the dose of rapid-acting insulin to cover a meal. Moreover, SMBG has the potential to help a patient to better understand the impact of lifestyle modifications (e.g., exercise, diet, or stress) or life events (e.g., sickness, travel, or use of high-dose corticosteroids) on glycemic control.
For NIT individuals, the role of SMBG remains controversial, because most studies have not examined the role of SMBG as an intervention on its own. In some studies, no actions were taken by intervention subjects their A1C levels more than those who tested less than once per day over 3 months (-0.6% versus -0.2%) and 12 months (-0.3% versus -0.0%). At the same time, patients using real-time CGM lowered their A1C levels by 1.1% over the same time period, which was significantly better than either SMBG group. 76 The role of real-time CGM in NIT T2DM is not yet clearly established, and further studies are needed to assess when this technology should be used in addition to-or in place of-structured SMBG for these types of patients.
Technological Capabilities and Limitations of Self-Monitoring of Blood Glucose
Patient factors are the most common cause of BG monitor inaccuracy. Some common examples of patient factors include failure to clean the skin, failure to clean the monitor, or failure to apply an adequate blood specimen. If BG monitors are to be shared by multiple patients in a group living environment, such as a nursing home, then the monitor must be regularly disinfected and only single-use lancets should be used to avoid blood-borne virus transmission. 82 Strip factors can affect BG monitor performance. Stripto-strip variation in production can lead to measurement errors. Improper storage of strips can also lead to BG monitor error. This is a particularly severe problem in hot, humid environments if a strip vial is left open with the cap off.
Environmental factors can affect BG monitor performance. 83 Strip exposure to air, high altitude (with its decreased oxygen levels), humidity, heat, or cold can all result in degraded performance of monitors. Exposure to cold can also cause vasoconstriction in a patient and lead to an increased lag time if alternate-site testing is performed.
Physiology factors can affect BG monitor performance. 84, 85 Extreme levels of hematocrit, as well as three other substances that are found in blood (oxygen, triglycerides, and uric acid), are known to confound accurate glucose readings in some monitors. A low hematocrit can cause falsely high glucose readings, and a high hematocrit can cause falsely low glucose readings. With BG monitors that use glucose oxidase on their strips, high ambient oxygen concentrations (such as in patients receiving oxygen therapy) can cause falsely low glucose readings, and low ambient oxygen concentrations (such as in patients with severe lung disease) can cause falsely high glucose readings. This effect of oxygen is greater when glucose levels are normal or low. Triglycerides take up volume, and in hypertriglyceridemia, the remaining volume of blood containing glucose is decreased, causing a falsely low reading with any type of monitor. Uric acid is electrochemically active and can react directly with an electrode or mediator in some BG monitors and can be falsely read as glucose if it is present in very high concentrations. The natural molecule, ascorbic acid, as well as monosaccharide molecules such as maltose, galactose, and xylose can all be read as glucose, which leads to falsely elevated readings with some glucose dehydrogenase monitors. 86 Differences in assays and compensatory processes in different monitors might modify all these interferences.
Key Points
1. Blood glucose monitor results can be adversely affected by preanalytical factors, analytical factors, and postanalytical factors.
2. New hardware will extend the capabilities of BG monitors.
3. New software will add value to SMBG results by providing instruction on what type of action to take based on preprogrammed individual factors and real-time BG data.
Preanalytical errors occur before an analytical measurement is performed, analytical errors occur in the act of testing, and postanalytical errors occur after the test has been performed. 77, 78 Seven factors account for inaccuracy in BG monitoring related to (1) patient performance, (2) strips, (3) physical environment, (4) physiology, (5) medications, (6) inherent system limitations, and (7) data processing. [78] [79] [80] [81] Preanalytical errors are more of a concern for laboratory testing of analytes than for self-monitoring, because most preanalytical errors are due to procurement, handling, and storage of samples in preparation for subsequent testing. For SMBG, most preanalytical errors are related to patient performance in obtaining a blood specimen or storing strips. Most analytical errors can be attributed to physical environmental factors, physiologic factors, and pharmacologic factors, but patient performance can also be involved. Most postanalytical errors can be attributed to data processing factors. However, a broad look at the process of testing would also include errors in interpreting and acting upon data as postanalytical errors.
Medications can affect BG monitor performance. Three examples of drugs that can affect performance of BG monitors that use glucose oxidase on their strips are acetaminophen, tolazamide, and L-dopa. Icodextrin, contained in peritoneal dialysis fluid, and maltose, contained in immunoglobulin preparations, can be falsely read as elevated glucose levels with some glucose dehydrogenase monitors.
Inherent system limitations are related to the nature of the materials used in strips and monitors. Every BG monitor has a certain degree of imprecision and bias associated with it, even when used by trained laboratory professionals, as evidenced by occasional outlier data.
Patient factors contribute to analytical error because the patient is the operator of the instrument. Unless all manufacturers' instructions are followed, there is room for operator error. Incomplete filling of test strip wells, use of soiled monitors, and failure to use control solution are common user errors.
Postanalytical errors have been reported in situations where incorrect units of glucose concentrations are presented (i.e., substitution of mmol/liter for mg/dl or vice versa), data are not recorded or uploaded such that the data are later forgotten and not used, data are transmitted incorrectly to a computer or handheld device, or a misleading message is generated. In such a setting, the measurement may have been accurate, but the information was presented incorrectly because of software or hardware problems.
It is expected that new, more accurate BG monitors will be developed in the near future in response to an anticipated tightening of BG monitor accuracy requirements by the U.S. Food and Drug Administration. 87 
Knowledge Barriers
Successful performance of SMBG requires that patients properly interpret the number indicated as the measurement result and adjust their therapy and/or lifestyle according to a plan. Patients will likely not understand why they should perform a blood sampling measurement without having any evident benefit explained to them. 88 Health care professionals must learn how to adjust therapy in response to their patients' SMBG levels, and they must then teach their patients which therapeutic measures are adequate to maintain metabolic control within an appropriate range through interpreting glycemic levels. 89 They must explain the appropriate actions to take in response to SMBG levels by presenting protocols that adapt lifestyle and medications to achieve optimal glucose control. For example, if SMBG is used mainly to help the physician adjust the dosage of oral agent therapy, then infrequent measurements covering the whole day as infrequently as seven tests in the same day twice a month may be sufficient. The treating physician and the health care team must reinforce testing behavior
Key Points
1. Knowledge barriers: HCPs must learn, and then explain to patients, what actions to take in response to SMBG data, and they must review this data with patients during visits to maintain enthusiasm for this practice.
on the part of each patient by looking at the results (in a diary or downloaded document) and discussing these at each visit. Ignoring this scrutiny will decrease motivation substantially. Finally, the consequences of each modification of therapy must be monitored.
Human Factors Barriers
Modern BG meters require increasingly less handling efforts. There is no longer a need for coding or wiping of blood. Modern meters require smaller-volume blood drops and can provide test results within seconds. Glucose meters differ in their ease of handling and readability of the numbers shown on the display. Successful performance of SMBG (defined as resulting in adequate metabolic control without acute metabolic deterioration) requires that patients perform all handling steps involved adequately. Many NIT T2DM patients are elderly and might have limited eyesight or manual capabilities as well as other disabilities. 90 Patients should be encouraged to select a meter that best fits their needs, especially if they have disabilities. 91 Communication with a diabetes nurse for training in using a device is very helpful.
Logbook Barriers
Use of logbooks can result in incomplete data recording, and these books may contain modified or added data. 92 On the other hand, downloading data stored in the meter into a computer can be a time-consuming and cumbersome procedure, especially because there is no standardization in technology used for downloading (i.e., many different noninterchangeable hardware and software products). Improvements are required at this level for SMBG to become more widely used by HCPs. New software is being developed to present SMBG data in new and useful ways. 93 Logbooks and printouts can assist patients to see glycemic patterns. Patients should be encouraged to use a logbook or software and to bring this book or a monitor data printout to each visit.
Economic Barriers
Measurement of BG without an adequate response to the data does not extract maximal value from the actions and costs of this intervention. Some payers limit access to SMBG testing supplies to save money. 94 Patients who understand how BG monitoring supports them in managing their diabetes should have access to test strips at affordable costs.
Benefits of Overcoming Barriers
Self-monitoring of blood glucose can become a cornerstone in diabetes therapy in NIT T2DM if this diagnostic measure is fully implemented in programs that promote self-management through proper interpretation of and response to glycemia based on protocols that adapt lifestyle and medications to achieve optimal glucose control. 95 Unfortunately, too few patients have a thorough understanding of how to react to abnormal results by making changes in lifestyle and medications. Resources, including certified diabetes educators, electronic automated management algorithms for patients, and the Internet, should be made more available to disseminate more information on how to react to glycemia. 96 If these four barriers can be overcome, then SMBG could become an even more widely adopted intervention in the management of T2DM. Analysis of patient data, education of patients, simplified storage of data, and dissemination of outcomes data to HCPs and payers will all be required to help to maintain SMBG as a useful and readily available procedure for patients with NIT T2DM.
Methods and End Points for Appropriate Future Clinical Trials
Key Points 1. Self-monitoring of blood glucose should be linked with a structured educational and therapeutic program designed to facilitate behavior change for improving BG levels.
2. Hemoglobin A1c will remain a primary end point for future studies; however, secondary end points could include hypoglycemic events, hyperglycemic events, weight changes, lipid changes, time to achieve target goals, or combined end points such as a decrease in A1C plus hypoglycemic events. In addition, other biochemical and anatomic risk factors for cardiovascular disease might eventually also become targets for improvement in future clinical trials of SMBG.
3. Telemetry, telemedicine, and social media all have the potential to add value to SMBG and should be incorporated into selected future trials.
4. Patient-centered end points determined by validated questionnaires offer unique opportunities for strengthening the value-added case for SMBG. Some such instruments include diabetes distress index, treatment satisfaction, and fear of hypoglycemia. These types of patient-centered end limited if the mean A1C of the diabetes population falls.
The clinical usefulness of A1C as an end point of a clinical trial is dependent on a tight relationship with prevailing glycemia. However, there is emerging evidence that factors other than glycemia may impact A1C levels. Hemoglobin A1c may be affected by a variety of factors, which make interpretation of A1C levels in certain clinical situations unreliable. 99 Major physiological factors that affect A1C levels or measurements of A1C include increased red cell turnover (e.g., hemolytic anemias and malaria), genetic or chemical alterations in hemoglobin (e.g., hemoglobinopathies), alterations in erythropoiesis (e.g., iron and vitamin B12 deficiency increase A1C and administration of erythropoietin, iron, and vitamin B12 decrease A1C), and alterations in glycation (e.g., alcoholism and chronic renal failure). 100 States with an increased mean age of erythrocytes will be associated with increased A1C levels, and states with a decreased mean age of erythrocytes will be associated with decreased A1C levels. 101 Determining whether any of these conditions is present can be difficult, and currently, there are no agreed upon procedures and protocols on how to deal with these possibilities. The situation is compounded because the magnitude and direction of the effect of these factors may vary depending upon the type of abnormality (e.g., hemoglobinopathies) and the assay used to measure A1C.
On a population level, racial and ethnic differences in A1C have been described that do not appear to be explained by the differences in glycemia or factors described earlier. [102] [103] [104] Hemoglobin A1c levels are also subject to seasonal variation, with levels being higher in cooler months and lower in warmer months in both the northern and southern hemispheres. 105 Finally, increasing importance should be attributed to composite end points, particularly if they include hypoglycemia incidence and weight change. 106, 107 
Secondary End Points
Several secondary end points, including hypoglycemic events, hyperglycemic events, weight changes, lipid changes, and time to achieve target goals, are worthy targets. 108 Additional biochemical and anatomical risk factors for cardiovascular disease might eventually also become targets for improvement in future clinical trials of SMBG. Finally, although combined end points are controversial, 106,107 a combination of a decrease in A1C plus a decrease in the incidence of hypoglycemia might be considered as a valid end point for a BG monitoring intervention.
Treatment Algorithms
Future trials of SMBG in NIT individuals should be planned in order to assess how well this intervention can perform under optimal usage. Methodological flaws must be avoided, such as a sample size that is too small, a low baseline A1C, or failure to provide an educational program. Most importantly, the approach to SMBG should be structured for the patient, which means that SMBG should be linked to a short, simple, and clear educational program designed to facilitate behavior change to improve glucose readings. In NIT T2DM patients, this program should be focused mainly on (1) monitoring PPG levels and providing specific training in reducing meal carbohydrate load if these values are off the target and (2) monitoring preprandial BG levels and providing specific personalized training for increasing physical activity in order to improve noon or dinner BG readings if they are off target. Self-monitoring of blood glucose interventions should aim to improve patient empowerment. An additional component of a SMBG intervention could be encouragement and motivational support by the HCP to increase the frequency of structured testing and/or greater compliance with the use of increased doses of BG-lowering medications specified by treatment algorithms.
Primary End Points
A1C
To assess mean glycemia, A1C will remain the key primary end point in clinical trials of SMBG in NIT T2DM. Self-monitoring of blood glucose data can provide additional end points such as hypoglycemic events or combined end points (A1C plus hypoglycemic events) in subjects treated with insulin secretagogues. Other measures of GV might eventually become adopted for therapeutic interventions, and these can then also be applied to trials of SMBG, although the link between BG fluctuations and oxidative stress is controversial. 97, 98 Additional studies in a variety of populations with different characteristics would be helpful to determine which patients are most likely to benefit. While A1C will remain the primary end point for diabetes therapy trials for the foreseeable future, the ability to show striking reductions (>1%) will become points, coupled with measures of adherence both pharmacologic and lifestyle, would strengthen the case of SMBG even when A1C changes appear relatively modest.
Telemetry
Telemetry is the automated transmission of BG readings to a telecare center and/or physician. Feedback would occur later on a secure Web site or by way of email, text message/short message service, or phone message. Such asynchronous telemetry applications have been successful in improving test values and self-care practices. 109 Such responses could provide guidance on medication dosages, diet, and physical exercise.
Telemedicine
Telemedicine uses software incorporating best practices consensus guidelines and standards from professional organizations. Such a system could provide a patient with real-time automated personalized feedback into a smart phone and facilitate patient action to improve metabolic control. This approach offers promise as a tool for affecting behavioral change. Several systems combining SMBG data uploading with instant feedback are under development. 110, 111 A recent trial in T2DM of real-time behavioral mobile coaching with BG data, lifestyle behaviors, and patient self-management data individually analyzed and presented with evidence-based guidelines to HCPs resulted in reduced A1C levels of 1.9% in an intervention cohort compared with 0.7 % in a usual care cohort, indicating the potential of telemedicine to improve glycemic outcomes in T2DM. The composition of study subjects with respect to whether they were insulin treated or NIT was not specified, except that no subjects used insulin pumps. 112
Social Media
There may be opportunities for integrating existing social media into such clinical trials for patient education and motivation. These media also allow for capture of immediate data from participants and subsequently allow for semantic and sentiment analyses to add value to comparisons between tested systems. 113
Quality-of-Life Measurement Instruments
Incorporating patient-centered end points into future trials would strengthen the value added case for patient adherence and treatment satisfaction. An effective SMBG intervention might be expected to impact positively on patient-perceived quality of life (QOL; both generic and diabetes specific), overall treatment satisfaction, and fear of hypoglycemia. Specific measures recommended to assess each of these are detailed below.
1. Quality of life: Many measures are available to assess various QOL aspects, including the presence and severity of mental and physical symptoms, the potential impact on day-to-day functioning (e.g., the SF-36), and broad measures of perceived wellbeing (e.g., the WHO-5). While few SMBG studies have examined such outcomes, one study did measure changes in WHO-5 scores over time.
In this study, a significantly greater improvement in general wellbeing was noted by subjects who were adherent to a structured SMBG intervention compared with control subjects who were instructed to only use their meter following their physicians' recommendations (p < .04). 18 The WHO-5 is recommended for future studies in this area. 114 It is a brief (only five items), well-validated measure that is used widely in studies and has been used previously to evaluate the impact of an SMBG intervention.
2. Diabetes-specific QOL: Of the many instruments available, the diabetes distress scale (DDS) is a 17-item self-report measure that assesses the degree of diabetes-specific emotional distress that patients may experience, 115 and the 34-item revised diabetes symptom checklist assesses the presence and the degree of burden associated with common diabetes-related physical symptoms. 116 The DDS has been previously shown to be sensitive to change in an SMBG intervention. 117 3. Treatment satisfaction: The most commonly used instrument is the diabetes treatment satisfaction questionnaire (DTSQ). 118 It is a brief (eight-item), well-validated, and reliable measure. While no treatment satisfaction measure has been included in SMBG studies to date, the DTSQ is recommended for inclusion in future trials.
Fear of hypoglycemia:
The hypoglycemic fear survey-II is a 33-item scale that has been widely used for several decades. Validity, reliability, and responsiveness to change have been well-established.
Researchers have tended to focus only on the 18-item worry subscale, but evidence suggests that inclusion of the 15-item behavior subscale (how patients may avoid common actives due to fear of hypoglycemia) may also be critical. 119 Fear of hypoglycemia has not yet been examined in SMBG intervention studies, but it would definitely be worthy of investigation.
At a minimum, future studies should include measurement of generic QOL, using the 5-item WHO-5; diabetesspecific QOL, using the 17-item DDS; and treatment satisfaction, using the 8-item DTSQ.
Conclusions
trials of SMBG will incorporate telemetry, telemedicine, and social media applications to structured responses to BG data. For SMBG to be most effective, the testing process must be conducted properly in order to avoid preventable measurement errors. It is expected that future embedded data management software and new hardware will extend the capabilities of future BG monitors to provide accurate information and even advice. The reasons for interest in the potential benefits of SMBG is that this practice, when performed properly, can provide valuable information to prevent hypoglycemia, direct lifestyle and medical treatments, and provide patient empowerment. Although SMBG can be used to identify hypoglycemia, it is not a practical or necessary intervention in NIT T2DM patients who are using one or more noninsulin secretagogues; however, this intervention is important for such patients whose regimens include an insulin secretagogue.
Current barriers to proper use of SMBG in NIT T2DM must be overcome through personalized HCP input, careful device design and selection, adoption of data management tools, and thorough analysis of existing outcomes data as well as generation of new data that will focus on proper structured use of this intervention. Knowledge barriers, human factors barriers, logbook barriers, and economic barriers all limit adoption of SMBG in this patient population. Efforts will be needed from HCPs, payers, and patients themselves for this intervention to remain widely available and to be demonstrably useful in the management of the disease. As future clinical trials are planned to assess the potential clinical benefits and economic implications of SMBG in NIT T2DM patients, new end points will need to be considered. It will be necessary to go beyond simply measuring A1C, which is an accepted surrogate end point for mean long-term glycemia but which can also be affected by various physiological, population, and seasonal factors. Examples of alternate end points that might be useful in future trials of this intervention include rates and severity of hyperglycemia and hypoglycemia, which relate to the magnitude of GV; weight change; lipid changes; and time to therapeutic success. Patient-centered end points determined by validated questionnaires can also provide insight into QOL, treatment satisfaction, or fear of hypoglycemia associated with use of an SMBG intervention.
It cannot be overemphasized that appropriate and successful use of SMBG requires integration of the efforts of a diabetes health care team. This activity must combine proper operational skills by the patient, proper analytical Key Points 1. Self-monitoring of blood glucose is an established practice for patients with NIT T2DM, and to be most effective, it should be performed in a structured format where information obtained from this measurement is used to guide treatment.
2. New, high-quality efficacy data from RCTs have demonstrated efficacy of SMBG in NIT T2DM in trials reported since 2008.
3. Both patients and HCPs require education on how to respond to the data for SMBG to be effective.
4.
Additional well-defined studies are needed to assess the benefits and costs of SMBG with end points not limited to A1C.
Self-monitoring of blood glucose in T2DM is a widely practiced diagnostic measure. It is important to understand how to extract the maximum benefit from this practice. The potential benefits of SMBG in T2DM have been scrutinized, and new insights are emerging. In this report on the role of SMBG in NIT T2DM, the current role of this diagnostic measure has been analyzed from multiple perspectives. Clinical situations have been identified wherein this practice can be helpful or not helpful and wherein additional information is needed to form a judgment on the value of this practice. In these instances, methods have been recommended for obtaining additional relevant information about this practice.
Where both epidemiologic and RCTs have reported contradictory results on the benefits of this practice, since 2008, a new paradigm for how this metric is to be conducted has become clear. New high-quality efficacy data from RCTs have been reported that demonstrate efficacy of SMBG in NIT T2DM. Self-monitoring of blood glucose in this patient population must be performed with a structured educational and therapeutic format in response to SMBG data. Furthermore, for SMBG to be effective, both patients and HCPs must know how to respond to the data. Self-monitoring of blood glucose can be compared with CGM, but little data exist from which to reach conclusions as to when CGM should be used in addition to, or in place of, structured SMBG. It is likely that, as data management technology evolves, future performance by the BG monitor, development of simple data management tools by the device manufacturer, proper education accompanied by structured responses to glycemia by the HCP, and adequate reimbursement by the payer.
In conclusion, SMBG is a useful component of a management regimen for NIT T2DM if it is combined with a structured education and treatment intervention.
